The dynamic processes of formatting long-term memory traces in the cortex are poorly understood. The investigation of these processes requires measurements of task-evoked neuronal activities from large numbers of neurons over many days. Here, we present a two-photon imaging-based system to track eventrelated neuronal activity in thousands of neurons through the quantitative measurement of EGFP proteins expressed under the control of the EGR1 gene promoter. A recognition algorithm was developed to detect GFP-positive neurons in multiple cortical volumes and thereby to allow the reproducible tracking of 4,000 neurons in each volume for 2 mo. The analysis revealed a contextspecific response in sparse layer II neurons. The context-evoked response gradually increased during several days of training and was maintained 1 mo later. The formed traces were specifically activated by the training context and were linearly correlated with the behavioral response. Neuronal assemblies that responded to specific contexts were largely separated, indicating the sparse coding of memory-related traces in the layer II cortical circuit. I n the mammalian brain, memory traces in cortical areas are poorly understood. In contrast to the medial temporal lobe, particularly the hippocampus, which is involved in the temporary storage of declarative memories (1, 2), the neocortex is believed to store remote memories (3-6). However, remarkably little knowledge regarding the sites and dynamics of remote memory storage has been revealed at the cellular level owing to the complexity of the connections and the large number of neurons within the cortical circuit.
The dynamic processes of formatting long-term memory traces in the cortex are poorly understood. The investigation of these processes requires measurements of task-evoked neuronal activities from large numbers of neurons over many days. Here, we present a two-photon imaging-based system to track eventrelated neuronal activity in thousands of neurons through the quantitative measurement of EGFP proteins expressed under the control of the EGR1 gene promoter. A recognition algorithm was developed to detect GFP-positive neurons in multiple cortical volumes and thereby to allow the reproducible tracking of 4,000 neurons in each volume for 2 mo. The analysis revealed a contextspecific response in sparse layer II neurons. The context-evoked response gradually increased during several days of training and was maintained 1 mo later. The formed traces were specifically activated by the training context and were linearly correlated with the behavioral response. Neuronal assemblies that responded to specific contexts were largely separated, indicating the sparse coding of memory-related traces in the layer II cortical circuit. I n the mammalian brain, memory traces in cortical areas are poorly understood. In contrast to the medial temporal lobe, particularly the hippocampus, which is involved in the temporary storage of declarative memories (1, 2) , the neocortex is believed to store remote memories (3) (4) (5) (6) . However, remarkably little knowledge regarding the sites and dynamics of remote memory storage has been revealed at the cellular level owing to the complexity of the connections and the large number of neurons within the cortical circuit.
In vivo electrophysiological recording of neuronal firing revolutionized neurobiology by linking neuronal activity with animal behavior. The small number of neurons recorded by the electrodes, however, was a limitation, as information coding and decoding may use an army of neurons forming neuronal assemblies (7, 8) . Efforts to record the activity of larger populations of neurons in cortical volumes have been actively pursued by either increasing the number of electrode probes (7, (9) (10) (11) or using calcium indicator-based imaging (12) (13) (14) (15) and immediate early gene (IEG)-based reporters (16) (17) (18) . The expression of IEGs is correlated with the averaged neuronal activation on external stimuli (19, 20) , implying that the marked neurons are involved in behavior (1, (21) (22) (23) (24) (25) . Studies using in vivo imaging of IEGs have revealed cortical coding in the visual cortex and in other cortical areas, reflecting electrical activation in individual neurons (16, 17) . Among IEGs, the expression of early growth response protein 1 (EGR1, also known as zif268) is associated with high-frequency stimulation and the induction of long-term plasticity during learning (26, 27) . To measure neuronal activation in cortical circuits during a behavioral task, we used an EGR1 expression reporter mouse line in which the expression of the EGFP protein is under the control of the Egr1 gene promoter. We designed offline recording strategies to monitor task-associated neuronal activity by quantifying changes in cellular EGFP signals in the mouse cortex. Patterns of activated neuronal assemblies during different tasks were visualized in the entire cortical volume. Furthermore, through computer recognition-based reconstruction, we were able to track the activity-related cellular EGFP signals from multiple cortical areas for 2 mo to reveal memory-related changes in the cortical circuit.
Results
We first calibrated the neuronal activation-induced expression of EGR1-EGFP in vitro and in vivo. The protein and mRNA levels of EGFP reflect the expression of the Egr1 gene in the transgenic mice (Fig. S1 ). Although the EGFP protein was believed to be stable, the EGFP signals in cultured cortical neurons exhibited significant decay within one hour after the application of chemical blockers of synaptic transmission [MK801, CNQX or the sodium channel blocker tetrodotoxin (TTX)] (Fig. S2A) . Conversely, enhancing the neuronal activation using dihydroxyphenylglycine (DHPG) triggered an increase in the EGFP signal within one hour. Therefore, the EGFP signals reflected neuronal activation in cultured neurons. To further characterize activitydependent EGFP expression, we quantified the induction of EGFP in response to frequency-specific stimuli in cortical neurons transfected with channelrhodopsin-2 (ChR2). The expression of EGFP, which was measured 1 h after the stimuli, exhibited a highly positive correlation with the frequency of the light (Fig.  S2B) . Because the stimulation of ChR2-expressing neurons induces reliable neuronal firing at an identical frequency to the light stimuli (28, 29) , this frequency-dependent EGFP expression suggested that the level of EGFP in neurons was related to the spiking intensity in the neuron one hour before the recording.
Next, we measured the cellular EGFP signal dynamics in the mouse visual cortex during visual stimuli. The EGFP signals were acquired using multiphoton imaging through a cranial window (30) (31) (32) (Fig. S2C ). In the reporter line, the EGR1-EGFP signal
Significance
This study demonstrates how sensory information is represented and stored in cortical circuits during complex behavior in the mammalian brain. Using a newly established automatic algorithm for cell detection, we tracked the expression of immediate early genes from more than 20,000 neurons in each living mouse for 2 mo, revealing quantitative signal changes in each neuron within a local cortical circuit. A natural behavioral task induced sparse and task-specific neuronal activation in cortical layer II. The gradually formed sparse activation of neurons was observed in multiple cortical areas. Our results support the concept of consolidation for long-term memory storage in cortical circuits and demonstrate the representation of natural events as sparse coding in the mammalian brain. could be detected using multiphoton microscopy at low laser power (7.8-12.5 mW). Time-lapse scanning indicated that light deprivation suppressed the cellular EGFP signal in the visual cortex with an exponential decay (R 2 = 0.9967, n = 450 cells from three mice; Fig. S2 D and E), indicating that the virtual half-life of the EGR1-EGFP protein in cortical neurons was approximately 2 h under anesthetic (Fig. S2E) . In anesthetized mice, 10 min of stimulation using a 50-Hz flash (25 mW, LED, blue light) to the left eye induced a robust increase in the EGFP signal with a delay of approximately 1 h (Fig. S2 F-H) . Based on the measured EGFP metabolism rate, the dynamics of the EGFP signals indicated that neuronal activation induced a sharp pulse expression of EGFP, which peaked 1 h after the stimulus (Fig.  S2G) . In contrast to the visual cortex, which was directly activated by visual stimuli, the motor cortex did not exhibit stimulusinduced EGFP expression in the same mice (Fig. S2F) , indicating the specificity of this neuronal activity reporter. Owing to the temporal precision of activity-induced EGFP expression 1 h after the stimulus (Fig. S2G) , this reporter system provided a unique opportunity to acquire neuronal activity-related signals in freemoving mice through the measurement of task-induced neuronal responses 1 h after behavioral training.
To further characterize the induction of EGFP expression by behavioral training in free-moving mice, we examined the relative changes in the cellular EGFP signals after contextual fear training in comparison with the home cage condition in the same mice ( Fig. S3 A and B) . Mice were anesthetized (isoflurane) immediately after training to eliminate posttraining activities and thereby to ensure that the neuronal activation difference between the home cage trial and the training trial corresponded to the 3-min training. The cellular EGFP signals were significantly higher in the training trial than in the home cage trial at 55 min after anesthetization ( Fig. S3B ; n = 3,323 neurons), indicating that the training induced higher activity than the home cage trial. Quantification of the cellular EGFP signal changes revealed that the task-related EGFP expression reached a peak 55 min after training (Fig. S3C) . Furthermore, the training-induced EGFP signals remained higher than the signals induced by the home cage trial for more than 1 h. The training-induced signal increase was specific, as the averaged cellular signal in two home cage trials did not change ( Fig. S3D ; n = 3,633 neurons). Therefore, the maintenance of activity-induced EGFP signals provided a 1-h time window for recording responses in multiple cortical regions to an identical training trial.
According to the characterization of the activity-related EGFP signals, we designed a standardized protocol to track task-related neuronal activation in multiple cortical regions ( Fig. 1 A and B) . The EGFP signals in the cortical volumes were recorded 1 h after each training trial (Fig. 1C) . In each animal, we recorded five to six cortical volumes, each with a dimension of 339 × 339 × 300 or 509 × 509 × 300 μm, at 2-μm intervals in depth, which revealed a total of 2,500-4,500 EGFP-positive neurons in each volume.
To perform reproducible long-term recording in the cortical volume, we developed an automatic cellular EGFP signal detection algorithm to align and measure signals in each neuron within the circuit. Each image was screened through a learning algorithm (Materials and Methods, Dataset S1) to recognize each EGFP-positive neuron and to mark the centers of the cells (Fig.  1D ). The computer recognition achieved a 90% correct rate for cell recognition (Fig. S4 ). This recognition process was further manually validated to add missing cells and to correct errors. The EGFP intensity in each cell was quantified around the center as the averaged intensity in a 12 × 12 × 6-μm voxel. Each neuron was marked with a unique ID. The computer recognition system assisted in monitoring the activity-related EGFP signals in the cortical volume in the range of 4,000 neurons per volume (with a dimension of 509 × 509 × 300 μm) under various tasks (Fig. 1E ).
Using this reporter system, we began to test whether different behavior training in distinct contexts induced differential expression of EGR1-EGFP in specific neuronal ensembles. Because the environmental stimuli during a behavioral task changes from time to time, it was unclear whether there were specific and stable neuronal ensembles that responded only to a specific context. Cellular EGFP signals were imaged after behavior training in the same volume over 2 mo. To better illustrate the signal dynamics in distinct neuronal ensembles, EGFP expression in different tasks was labeled using pseudocolor ( Fig. 2A) . We found that most neurons exhibited overlapping EGFP expression induced by different tasks. Only a small group of neurons (0.1-0.3% in the entire volume) exhibited exclusive expression of EGR1 on different tasks. In the neurons with overlapped signals, the quantitative expression of EGFP also exhibited differences between specific tasks. The exclusive expression of EGR1 in different tasks within sparsely located neurons was primarily observed in the superficial layer of L2/3 neurons (∼80-120 μm subpial), presumably in layer II (L2). Surprisingly, such contextspecific responses were observed in all cortical areas, including the motor cortex, the visual cortex, the somatosensory cortex, and the retrosplenial cortex (Fig. 2B) . The 3D reconstruction view of the visual cortex and the dorsal region of the retrosplenial cortex (RSPd) further confirmed the separation of the task-specific activities in layer II neurons (∼100 μm below the pia mater; Fig.  2C and Fig. S5 ). In contrast, L4 neurons exhibited nonseparated activities in trials using different contexts (Fig. 2C) . The differential expression of EGR1 in L2 neurons under different contexts was due to the context specificity, as an identical task evoked similar EGR1 expression in the L2 neuron ensemble (Fig. 2D) . Therefore, contextual training induced specific responses in L2 neuron ensembles.
To test whether these context-specific responses were formed during learning for the specific task, we recorded the contextrelated EGR1 expression for 2 mo. The contextual fear conditioning training-induced EGFP signals were acquired by comparing the cellular EGFP signal in the training trial to the homecage trial (Fig. 3A) . The task-induced signal above the baseline activity (ΔF) in the entire cortical volume exhibited a Gaussian distribution. Only a small fraction of neurons demonstrated significantly higher activation by the fear conditioning trial compared with the home cage trial (greater than 2.8-fold of the SD; Fig. S6 ). After multiple trials of contextual fear condition training in context A, the mice exhibited freezing behavior during recall trials in context A (Fig. 3B) . A consistent population of neurons was identified as context A neurons during recall trials in context A at day 5 and day 12 (with an overlapping rate of 36.9 ± 5.2%, n = 15 volumes from three mice). The context-specific neuronal ensembles (memory traces) were identified as those neuronal ensembles that were commonly activated (>2.8-fold of the SD compared with the home cage trial) in both of the recall trials (Fig. 3B) . We tracked the changes in the EGFP signals in each trial within these identified neuronal ensembles. Interestingly, the identified neuronal ensembles gradually acquired the context A-evoked activity during several days of the learning/consolidation process ( Fig. 3 C and D) , indicating that the response to context A in these cells was not a sensory response but a learned memory response ( Fig. 3 C and  D) . In contrast to the identified neuronal ensembles, the averaged signals of all neurons in the entire volume did not exhibit changes during learning and recall trials ( Fig. 3 C and D) . Similar to the formation of context A-related neuronal ensembles, memory traces for context C in the identical cortical area were also gradually formed during training trials for context C in another neuronal ensemble (Fig. S7) . The EGR1 expression response to the training context was long lasting. Three weeks after the last training trial, context A continued to evoke a high level of EGFP expression in the memory trace-related neuronal ensembles, suggesting that the activation in these neuronal ensembles may represent the long-term memory (Fig. 3 C and D) .
Importantly, the signal intensities in these sparsely activated neurons in the RSPd volume were correlated with the memory recall. Consistent with the report that the RSP is involved in memory formation in contextual fear tasks (33, 34) , the averaged EGFP intensities in the identified neuronal ensembles exhibited a strong linear correlation with the freezing behavior for each recall trial of each individual animal (mouse 66: R 2 = 0.9699, P = 0.015, n = 65 neurons; mouse 85: R 2 = 0.9986, P = 0.0007, n = 30; mouse 21: R 2 = 0.9810, P = 0.0095, n = 10; Fig. 3E ). These results indicated that the activities in the identified neuronal ensembles in the RSP were related to the recall of contextual fear memory in mice.
To test the context specificity of the EGFP signals in the identified neuronal ensembles, a trial of contextual fear training under context B was performed 5 d after the second recall trial of context A. The EGFP intensities in the task-specific neurons were significantly reduced on context B training in the RSPd (P = 0.0001, n = 80 cells from three mice), Vis (P = 0.0007, n = 55 cells from three mice), and SSp areas (P = 0.0005, n = 45 cells from three mice), indicating the specificity of the context-related neuronal activities in these sensory-related cortical areas (Fig.  3F) . Similarly, for trials in context C (P < 0.0001, in the RSPd, SSp, and Vis) and context D (P < 0.0001, in all areas), the identified context A-activated neuronal ensembles exhibited significant reductions in the EGFP signals (Fig. 3F) . In contrast to the signal decrease in the context B trial, during the third recall trial for context A, the context-specific neurons exhibited levels of EGFP signals similar to those for training A trial at day 10 ( Fig. 3F) . Therefore, the neuronal ensembles exhibited high levels of EGFP signals that were induced by context A. This high level of expression was not due to the temporal approximation effect. Collectively, these results indicated that the contextual memory traces were gradually formed in the RSPd. Task-specific responses in a small population of neurons were also identified in the Vis and SSp areas, suggesting that contextual fear memory shows distributed organization in various cortical regions.
We further examined the laminar distribution of the identified neuronal ensembles in the cortical volume. By quantifying the percentage of context A-related neurons in each sublayer (depth of 20 μm), we found, surprisingly, that although the EGFPpositive neurons were distributed throughout the volume, the neurons that exhibited significant task-evoked activities were primarily identified in the superficial level of cortical L2/3 in the visual cortex, ∼100 μm below the pia mater ( Fig. 4A ; n = 17, cortical volumes from three mice). Such laminar-specific location of context-specific neurons was not due to technical bias, such as spherical aberration. The average cellular EGFP signal intensity in L4 was even higher than that in L2 (Fig. S8 ). EGR1 expression that was specifically induced by context A occupied up to 5% of the cells in the superficial L2 in the RSPd, Vis, and SSp areas.
To further confirm that the task-induced responses in the cortical volume were layer specific, we compared the task-evoked signal in each neuron within two layers. The superficial layer (L2) consisted of neurons 80-120 μm below the pia mater, whereas the deep layer consisted of neurons 220-260 μm below the pia mater. A comparison of the EGR1 signal in each neuron for two trials in an identical context revealed that the induced EGR1 expression in the two layers exhibited a similar level of variance (Fig. 4 B and C) . In contrast, a comparison of the induced EGR1 signal when the mouse was exposed to a different context revealed that the layer II neurons exhibited a significantly greater variance than neurons in deep layers (Fig. 4 D and E) , indicating that the task-specific responses were more significant in L2.
The identified task-specific neuronal ensembles for different contexts were separated within superficial cortical L2/3. By plotting each neuronal ensemble (ΔF > 2.8-fold of the SD) in layer II, we found very little overlap, indicating that different context-related representations were separated as topographic maps in the cortex (Fig. 4 F and G and Fig. S9 ). The traces for one task were sparsely located. The neuronal ensembles for different tasks were intermingled with each other in cortical layer II.
Discussion
Similar to a previous report (16), we report herein that the multiphoton imaging of immediate early gene signals in cortical circuits was able to reveal information representation in the whole local volume of the cortex. The enhanced signal in the EGR1-EGFP mice and a newly developed algorithm to automatically detect EGFP-positive neurons enabled us to monitor and compare greater numbers of neurons within a local cortical circuit over a long time to record behavior-associated neuronal activity changes using a high-throughput analysis.
The expression of EGR1 correlates with neuronal activation, particularly with high-frequency spiking (26, 27) . The stability of the reporter protein leads to the accumulation of activityinduced signals within a period. Therefore, the EGFP signal reflects the convolution of neuronal activation rather than single spike events at a specific time point. This feature of IEG-mediated imaging may be useful to quantify the cellular activation that occurs during a behavioral task, in which external stimuli vary from time to time within a specific context, to search for taskspecific but not stimuli-specific responses. The finding of context specific responses in superficial layers is consistent with an early report (35) . Long-term tracking revealed context-specific changes in IEG expression in L2 neurons within all observed cortical circuits, indicating cortex-wide integration and discrimination of different memory traces.
Similar to the concept that EGFP signals indicate the convolution of neuronal activation, the nonseparated signals in most of the neurons, particularly in L3 and L4, did not suggest that different contexts induced similar neuronal activities in these cells. Instead, these overlapping signals in L3/4 reflected the temporal integration of various stimuli-induced activations during the task period in free-moving mice. This explanation was further confirmed by the finding that simple visual stimuli could induce significantly different EGFP signals in L3 and L4 neurons in anesthetized reporter mice (Fig. S10) . Therefore, the apparent lack of signal changes in L3 and L4 neurons in different contexts suggests that the L3 and L4 neurons processed the elementary signals, which are commonly shared in different contexts in free-moving mice.
Our pilot experiments imaged the formation process of these sparse coding neurons in the cortex. In contrast to the rapid formation of memory-related responses of place cells in the hippocampal circuit (1, 21) , the observed context-specific responses in the cortical circuit were formed several days after training, suggesting the slow emergence of the memory traces as a longterm process in the cortical circuit. These observations are consistent with the hypothesis that remote memories are slowly consolidated into the neocortex (4, 5, 36) .
Finally, the in vivo imaging system using the EGR1-EGFP reporter demonstrated promising features that enabled us to perform repeatable and robust long-term recordings on a large number of neurons over months. This system provides a tool to quantitatively evaluate behavioral task-induced responses and modifications in the cortical circuit to allow the monitoring of the learning-induced changes in the cortical circuits (5, 36) under natural and experimental conditions.
Materials and Methods
In Vivo Imaging of Neuronal Activity. The mouse strain was BAC-EGR-1-EGFP [Tg(Egr1-EGFP)GO90Gsat/Mmucd, from Gensat project, distributed from Jackson Laboratories]. Animal care was in accordance with the Institutional Guidelines of Tsinghua University. Three-to 5-mo-old mice received cranial window implantation as previously described (32) and recordings began 1 mo later. To implant the cranial window, the mouse was immobilized in custom-built stage-mounted ear bars and a nosepiece, similar to a stereotaxic apparatus. A 1.5-cm incision was made between the ears, and the scalp was reflected to expose the skull. One circular craniotomy (about 6 mm in diameter) was made using a high-speed drill, and a dissecting microscope was used for gross visualization. A glass coverslip (8 mm in diameter) was attached to the skull using dental cement. The space between the coverslip and cortical surface was filled with PBS before sealing. The sterile technique was critical to prevent the infection of the bone. The mice were allowed to recover for 4 wk after surgery. For surgeries and observations, mice were anesthetized with 1.5% (vol/vol) isoflurane. The preparation for imaging was restricted to 20 min after anesthetization for each test. The mice were anesthetized 40 min after training and subjected to optical imaging. Six cortical volumes were recorded during each imaging session within 60 min. The same sets of volumes were measured after different training trials to track neuronal EGFP signals in the same neurons at different training sessions. During imaging, a wax ring was placed on the edges of the coverslip of the cortical window and filled with distilled water to create a well for water immersion lens. EGFP fluorescence intensity (FI) was imaged with an Olympus Fluoview 1000MPE with prechirp optics and a fast acousto-optic modulator mounted on an Olympus BX61WI upright microscope, coupled with a 2-mm working distance, 25× water immersion lens (numerical aperture, 1.05). A mode-locked titanium/sapphire laser (Tsunami; Spectra-Physics) generated two-photon excitation at 920 nm, and three photomultiplier tubes (Hamamatsu) collected emitted light in the range of 380-480, 500-540, and 560-650 nm. The output power of the laser was maintained at 1.56 W, and the power reaching the mouse brain ranged from 7.8 to 12.5 mW. For each cortical volume, the laser power was consistent during the time-lapse images under multitasks. Images were acquired at 2 s/frame at a resolution of 512 × 512 pixels. Stack of images were taken at 2-μm intervals for 150-250 frames. On each session, a field of view was selected according to the marked blood vessel to perform the repetitive imaging on the same volume. To facilitate the location of cortical volumes from section to section, dextran Texas red (Dex Red; 70,000 molecular weight; Invitrogen) was injected into a lateral tail vein to create a fluorescent angiogram, as previously described (32) .
Imaging Data Analysis and Quantification. The stack images were aligned with 3D Slicer 3.0 (www.slicer.org; NA-MIC) to correct the position shift of each neuron during imaging. The stack images were further quantified with MatLab (The MathWorks). The 3D volume view was created using Image-J (National Institutes of Health). The center position of the detected neurons was created automatically through the computer-based recognition and further validated manually (SI Materials and Methods). The EGFP intensity in each cell for each trial was quantified around the cell center as the averaged intensity in a 12 × 12 × 6-μm voxel. Data analysis was performed with the custom-written code in MatLab. See SI Materials and Methods for more details. Data are presented as mean ± SEM.
